University of Pennsylvania

ScholarlyCommons
Publicly Accessible Penn Dissertations
2015

Phenotypic Variation in the Dogwhelk. Nucella Lapillus: An
Integration of Ecology, Karyotype, and Phenotypic Plasticity
Katie Elizabeth Vazquez
University of Pennsylvania, katie.vazquez@gmail.com

Follow this and additional works at: https://repository.upenn.edu/edissertations
Part of the Biology Commons, and the Evolution Commons

Recommended Citation
Vazquez, Katie Elizabeth, "Phenotypic Variation in the Dogwhelk. Nucella Lapillus: An Integration of
Ecology, Karyotype, and Phenotypic Plasticity" (2015). Publicly Accessible Penn Dissertations. 2076.
https://repository.upenn.edu/edissertations/2076

This paper is posted at ScholarlyCommons. https://repository.upenn.edu/edissertations/2076
For more information, please contact repository@pobox.upenn.edu.

Phenotypic Variation in the Dogwhelk. Nucella Lapillus: An Integration of Ecology,
Karyotype, and Phenotypic Plasticity
Abstract
The dogwhelk, Nucella lapillus, is an intertidal predator that displays classic ecotypic variation.
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width across sites, karyotype, and exposure. The results of this experiment suggest that chromosome
number plays a role in the phenotypic response of shell traits to environmental stimuli and that this
response is variable depending upon which trait is being examined. We assert that the drastic
morphological variation observed in N. lapillus is not simply due to wave exposure, but is instead a plastic
response mediated by chromosomal factors.
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ABSTRACT	
  
PHENOTYPIC VARIATION IN THE DOGWHELK, NUCELLA LAPILLUS: AN INTEGRATION OF
ECOLOGY, KARYOTYPE, AND PHENOTYPIC PLASTICITY
Katie Elizabeth Vazquez
Peter S. Petraitis

The dogwhelk, Nucella lapillus, is an intertidal predator that displays classic
ecotypic variation. Dogwhelks from exposed shores typically have small shells with
large apertural openings while dogwhelks on protected shores have large, robust shells
with thick apertural lips. The morphology of each ecotype is adaptive in its respective
environment as the exposed shore morph minimizes the risk of dislodgement in heavy
surf and the protected shore morph is more resistant to the shell-crushing predators
common on protected shores This morphological variation has been attributed to wave
exposure, site-specific and chromosomal factors and phenotypic plasticity. Through
morphological analyses we have documented extensive site-specific variation in five
morphological traits. Specifically, we found that site-specific factors rather than
exposure explained a greater proportion of the variance across the five shell traits we
examined. We have also documented the presence of a chromosomal polymorphism in
Western Atlantic populations of the dogwhelk which were previously believed to be
monomorphically of the 2n = 27 karyotype. We have found that chromosome number
ranges from 2n = 26 to 2n = 32 in dogwhelk populations in Maine. Furthermore, we
suggest that chromosome number is correlated with morphology and may explain the
site-specific variation we observed in our morphological survey. Lastly, we transplanted
snails of different karyotypes from exposed and protected shores to four different
protected shores in order to examine the plastic response in shell lip thickness and
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aperture width across sites, karyotype, and exposure. The results of this experiment
suggest that chromosome number plays a role in the phenotypic response of shell traits
to environmental stimuli and that this response is variable depending upon which trait is
being examined. We assert that the drastic morphological variation observed in N.
lapillus is not simply due to wave exposure, but is instead a plastic response mediated
by chromosomal factors.
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PREFACE	
  
The field of taxonomy has historically been rooted in the tireless documentation
of numerous morphological characters that lead to the delineation of broadly and finely
differentiated taxonomic groups. On the finest scale, investigators were challenged with
assessing intraspecific variation. As a result, there is no shortage of races, forms,
varieties, and subspecies defined within well-studied species. While the delineation of
species has become increasingly based upon molecular techniques and DNA sequence
similarities there is still a struggle to explain the diverse range of phenotypes exhibited
by a genotype. Evolutionary theory tells us that a phenotype is the product of genotype,
environment, and potential genotype x environment interactions.
An example of a classic type of phenotypic variation is the ecotype. The term
ecotype describes phenotypic varieties of a single species that occur predictably within a
prescribed environmental context (Turesson 1922). In these examples, organisms of a
single species exhibit morphological, behavioral, or life-history differences that are
reflective of the environmental conditions under which different populations exist. As a
result of diverse ecological pressures that vary with geography, elevation, climate, etc.
ecotypes exist as discrete phenotypes in the different habitats that make up the species
range. These ecotypes may be the result of allelic or cytogenetic differences or
phenotypic plasticity.
White (1978) has suggested that karyotypic changes have initiated divergence in
greater than 90% of all speciation events as they can act as a barrier to reproduction
between different chromosomal races and lead to reproductive isolation. Alternatively,
chromosomal rearrangements can lead to suppressed recombination in the rearranged
chromosomal regions and lead to the accumulation of locally adaptive alleles in these
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regions. These chromosomal regions may thus contain co-adapted gene complexes
that also lead to the formation of discrete and/or divergent phenotypes.
Locally adapted phenotypes may also emerge through genotypic and
environmental interactions. A genotype responds to environmental inputs and produces
phenotypes that are typically adaptive in a particular environmental context. Similarly to
ecotypic variation, phenotypic plasticity can result in varieties that are diagnostic of a
particular environmental regime.
The dogwhelk, Nucella lapillus (Linnaeus 1758) is a classic example of ecotypic
variation. Shell morphology varies along a wave exposure gradient. This morphological
variation has also been correlated with a chromosomal polymorphism in European
populations. Furthermore, it has been demonstrated that phenotypic plasticity can also
govern shell morphology in laboratory and field populations. The aim of this study was
to demonstrate whether the observed morphological variation is a product of wave
exposure or site-specific factors as the role of site-specific factors may, in fact, suggest
the importance of chromosomal factors in governing shell-shape. Furthermore, as
dogwhelks are known to be phenotypically plastic we attempted to demonstrate the role
of the chromosomal polymorphism in the plastic response of dogwhelks of different
karyotypes from different sites with different wave exposures.
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CHAPTER 1:	
  INTRODUCTORY	
  MATERIAL	
  
1.1 What	
  is	
  an	
  ecotype?	
  
Turesson (1922) proposed the term ecotype to describe variation within a species
that arises in a particular habitat in an effort to integrate Linnean species delineations
and ecological perspectives. Turesson (1922) examined different members of the genus
Atriplex along a continuous range of habitats along the coast of Sweden with a focus on
extreme habitats like sea cliffs vs. inland and upland regions. He proposed that the
previously described A. praecox, A. longipes, and A. hastifolium represented a single
ecospecies. He demonstrated that the forms were fully interfertile and found correlations
between environmental conditions and the divergent characters used to previously
classify them as separate species. Following Turesson’s work, Stapledon (1928)
focused on ecotypes of cocksfoot grass, Dactylis glomerata, from Europe, North
America, and Australia. Stapledon examined variation of the grass in habitats altered by
grazing pressure: temporary leys, old swards and waste places, hedges and thickets.
Other classical studies also focused on plant species that often inhabit a continuous
range because individuals of plant species are typically dispersal-limited and sufficiently
long-lived enough to endure seasonal variation in a particular habitat (Climent et al.
2008, Mergen 1963, Sowell and Spomer 1986, Vaartaja 1960).
More recent work examining ecotypic variation is concerned with the spread of
invasive species and species tolerant of anthropogenically mediated disturbance.
Anthropogenic influence over terrestrial, aquatic and marine systems has increased
drastically since the work of Turesson (1922) and Stapledon (1928). Human activities
have also resulted in the introduction of numerous species into new habitats. Thus
distinct ecotypes of invasive species have emerged in response to novel environmental
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conditions. For example, the Texas ecotypes of the invasive Chinese tallow tree Sapium
sebiferum are more tolerant of root severing associated with herbivory in areas outside
of their native range (Rogers and Siemann 2004). Similarly, the invasive narrow-leaved
ragwort, Senecio inaequidens, is less palatable to the generalist snail species Helix
aspersa than individuals from the native South African populations of S. inaequidens due
to increased concentrations of pyrrolizidine alkiloids, which are anti-herbivory
compounds (Cano et al. 2009).
In addition to the introduction of species to novel habitats, anthropogenic disturbance
can expose existing populations to novel environmental stressors where local adaptation
to ecological conditions can lead to intraspecific variation in the form of distinct ecotypes.
This is commonly seen in plants exposed to high levels of metals from mining. For
example, the metal-tolerant ecotype of Silene vulgaris originating in the proximity of
copper mines. S. vulgaris accumulates proline in response to a water deficiency that is
induced by metals and this response differs in metal-tolerant and metal-intolerant
ecotypes. The tolerant form responded only to high levels of cadmium contamination
while the intolerant form showed proline accumulation at relatively low levels of copper,
zinc, and cadmium (Schat et al. 1997). Furthermore, there is ecotypic variation in heavy
metal tolerance of the ectomycorrhizal fungal species Suillus luteus that serves to limit
the amount of heavy metals transferred to host plants while the nutrient transfer typical
of these associations is unimpeded (Colpaert et al. 2011).
1.2	
  Ecotypes	
  in	
  marine	
  systems:	
  
	
  

Many classic examples of ecotypic variation come from botanical case studies

but other examples are common in marine systems. Ecotypic variation is commonly
found in species that only occupy continuous ranges but also encompass a wide range
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of environments. Also in these species individuals are dispersal-limited and may be
long-lived, which exposes them to large temporal and climactic variation. The rocky
intertidal zone is also populated by species with similar features. The rocky intertidal
shore is a notoriously patchy and heterogeneous environment where dispersal-limited
organisms with direct developing larvae are subjected to a wide range of environmental
fluctuations (Johannesson 2003). For example, brackish and marine ecotypes of the
brown algal species Fucus vesiculosus showed significantly different photochemical
efficiency and different levels of the energy reserve sugar alcohol mannitol in response
to temperature fluctuations (Gylle et al. 2009). The marine ecotype from the Norwegian
Sea had higher levels of mannitol than the brackish ecotype from the Bothnian Sea
across all temperature treatments. Furthermore, the brackish ecotype showed a decline
in the maximum quantum yield of photosystem II in response to a desiccation trial while
the marine ecotype was unaffected by this treatment.	
  
The rock oyster from Malaysia, Saccostrea cuccullata, occurs as three different
ecotypes: a large form occurring on mangrove trees, a moderately sized form occurring
in the lower intertidal, and a small form occurring on intertidal beach rocks or the shells
of dead mollusks and barnacles (Lam and Morton 2009). The acorn barnacle,
Chthamalus anisopoma, occurs in either a typical conical form or a bent form. Lively
(1986) found that the bent form occurs in the presence of the predatory gastropod
Acanthina angelica, and is more resistant to predation.
Ecotypic variation is not only found in sessile marine organisms and variation in
intertidal gastropods provides a number of well-known and classic examples. Littorina
saxatilis which has direct development with crawl-away juveniles occurs on both the
upper and lower shores and exhibits variable ridge and banding patterns depending on
3	
  
	
  

shore height: ridged and banded morphs occur on the upper shore, smooth and
unbanded morphs occur on the lower shore and both morphs occur sympatrically with
hybrids on the midshore (Erlandsson et al. 1998). When snails of both types were
transplanted to three different shore heights the ridged and banded morphs migrated the
greatest distances in the lower and mid shore zones.
These snails also show adaptive ecotypic variation in shell form that is correlated
with wave exposure (Janson 1982). On exposed shores, snails have small shells with
large apertural openings that allow for a relatively large area of the pedal surface to
adhere to the rocky substratum. On protected shores, snails reach greater maximum
shell lengths and have thicker, more robust shells that resist predation by shell crushing
predators. Each ecotype is considered adaptive in its environment as it minimizes the
threat from the selective agents on each shore type, namely, risk of dislodgement on
exposed shores and predation on protected shores. Not surprisingly, Littorina littorea
does not show this dramatic ecotypic variation. L. littorea is a close congener of L.
saxatilis and co-occurs with L. saxatilis throughout the North Atlantic, but it has a pelagic
larval stage and thus does not exhibit ecotypic variation.
1.3	
  Ecotypic	
  variation	
  in	
  the	
  dogwhelk,	
  Nucella	
  lapillus:	
  
	
  

The dogwhelk, Nucella lapillus, is a direct developing Muricid gastropod that

preys upon barnacles and mussels in the Northern Atlantic Ocean (Moore 1938a, b).
These snails exhibit ecotypic variation similar to that observed in Littorina saxatilis
(Conant 1900, Kitching 1977, Kitching et al. 1966, Moore 1936). Snails on exposed
shores have relatively shorter shell lengths. These snails have greater body weight and
a greater pedal surface area at a given shell length (Kitching et al. 1966). The greater
pedal surface area increases the snails’ ability to adhere to the substrata and minimizes
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the risk of dislodgement in heavy surf (Guerra-Varela et al. 2009, Kitching et al. 1966).
Shell-crushing predators are more abundant on protected shores. Predatory attempts
are less successful as shell size increases (Hughes and Elner 1979), and snails from a
protected shore have stronger shells per unit mass (Currey and Hughes 1982).
In addition to the variation in shell shape there is ecotypic variation in shell color
and life history traits. On exposed shores dogwhelk shells show a wide variety in color
and banding pattern (Colton 1916, 1922). Individuals on protected shores typically have
shells that are light in color which reduces thermal stress due to increased solar
radiation on protected shores (Etter 1988a, Harris and Jones 1995).
These snails have greater growth rates and greater maximum shell lengths.
Snails reach sexual maturity at a greater shell length on protected shores, but due to
more rapid shell growth at these sites exposed and protected shore animals reach
sexual maturity in approximately the same amount of time (Etter 1989). Furthermore,
the egg capsules deposited on protected shores have larger but fewer hatchlings than
the egg capsules deposited on exposed shores (Etter 1989). The relatively thicker
shells of dogwhelks on protected shores is associated with a reduction in body weight in
these animals as there is comparably less space within the shell to accommodate the
soft tissue of the animal (Kitching et al. 1966).
2.1	
  Chromosomal	
  rearrangements	
  and	
  inversions	
  
Chromosomal rearrangements are considered to be an effective driver of
phenotypic divergence and speciation (Bush et al. 1977, Feder et al. 2003, 2005, King
1998, White 1978). The phenotypic variation may resemble ecotypic variation in that
races may be geographically separated or occupy a continuous rage of habitats.
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Intraspecific phenotypic variation may arise in these populations through differences in
number of chromosomes or through the inversion of chromosomal regions.
Chromosomal rearrangements can emerge in allopatric or parapatric species and
may be associated with phenotypic divergence. Chromosomal rearrangements have
been correlated with phenotypic switching in the murine pathogen Mycoplasma pulmonis
where the replacement of a 4.9 and a 5.7 kb fragment of DNA with a 9.5 kb fragment
changes the form of the variable surface antigen V-1 and prevents the mycoplasma virus
P1 from adhering to the cells (Bhugra and Dybvig 1992).
Chromosomal rearrangements are very commonly associated with speciation in
rodents like the house mouse Mus musculus domesticus that can have anywhere from
2n = 24 to 2n = 40 chromosomes in Italian populations that also exhibit monobrachial
homology (Castiglia et al. 2011, Corti and Rohlf 2001). Monobrachial homologies can
arise when individuals with different chromosomal rearrangements mate. For instance,
an ancestral population may have three chromosomes. Over time if we look at two
different populations we may see that in one population a fusion between chromosomes
1 and 2 has reached fixation while in the other a fusion between chromosomes 1 and 3
has reached fixation. If members of these populations were to mate monobrachial
homology would occur as the offspring would have the arms of chromosome 1 in
common, however, the other arms of the fused chromosomes would not be homologous
(Baker and Bickham 1986). Monobrachial homology can thus lead to the formation of
quadrivalent chromosomes and can lead to offspring inviability. For example, four
karyotypic races of the common shrew, Sorex araneus, showed significant differences in
craniometric traits in the Valdai Hills of Russia and hybrids occur at 50% of the
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frequency hypothesized by Hardy-Weinberg equilibrium suggesting that hybrids
experience reduced fitness (Orlov et al. 2013, Polly et al. 2013).
In the South American grasshopper, Leptysma argentina, the fusion of
chromosomes three and six has an additive effect and is positively correlated with
prothorax height, which is also positively correlated with survival in adult grasshoppers
(Norry and Colombo 1999). In African gerbil populations belonging to the genus Tatera,
chromosome number varies from 2n = 36 to 2n = 48 and chromosomal races differ by
three Robertsonian rearrangements with monobrachial homology, which occur when two
acrocentric chromosomes fuse to form a single metacentric chromosome, and are
separated into distinct clades based on mitochondrial phylogenetic analyses (Colangelo
et al. 2005).
Chromosomal inversions occur when two cuts remove a DNA segment from the
arm of a chromosome and the segment is then flipped 180 degrees and reinserted into
the chromosome. These inversions can be paracentric, occurring in the vicinity of the
centromere, or pericentric, spanning the centromere (Hoffmann et al. 2004). Inversion
polymorphisms are associated with host-switching in the apple maggot fly, Rhagoletis
pomonella that switched from the native host species hawthorns, Crategus spp. to the
introduced apple tree, Malus pumila (Feder et al. 2005). Inversions are also associated
with variation in wing morphology in the malaria vector, Anopheles funestus in
Cameroon (Ayala et al. 2011). They are also involved in a suite of adaptations such as
insecticide resistance, indoor/outside resting places and mate choice that have allowed
for range expansion throughout sub-Saharan Africa in Anopheles spp. (Ayala et al.
2014). Chromosomal inversions are responsible for the occurrence of seven sympatric
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morphs of the mimetic butterfly Heliconius numata that each accurately and adaptively
mimic another species (Joron et al. 2011).
Chromosomal rearrangements and inversions can suppress recombination at the
site of the rearranged regions involved in the polymorphisms (Baker and Bickham 1986,
Joron et al. 2011, Norry and Colombo 1999). In the case of the Mullerian mimic H.
numata, Joron et al. (2011) have shown through extensive genetic analyses that
inversions have led to the formation of tightly linked loci that form the 400 kilobase P
supergene. P haplotypes segregated perfectly into corresponding phenotypes. Thus,
chromosomal rearrangements can lead to the formation of distinct phenotypes within a
species that are adaptive in different environmental contexts. An observation of these
races with the accompanying karyotypic analyses may meet the same criteria as
ecotypic variation in that discreet phenotypes are seemingly adapted to a variety of
divergent environmental conditions.
2.2	
  Chromosomal	
  rearrangements	
  in	
  N.	
  lapillus:	
  
	
  

A chromosomal polymorphism in dogwhelks was first reported in French

populations off the coast of Roscoff (Staiger 1957). Chromosome number ranges from
2n = 26 to 2n = 36. The 2n = 36 form is thought to be the ancestral karyotype as other
members of the genus Nucella are typically of the 2n = 36 karyotype (Collins et al.
1996). The 2n = 26 form consists of 13 pairs of metacentric chromosomes while the 2n
= 36 form has 8 pairs of metacentric chromosomes and ten pairs of acrocentric
chromosomes. The acrocentric chromosomes of the 2n = 36 karyotype fuse through
Robertsonian translocations and correspond to five pairs of metacentric chromosomes in
the 2n = 26 karyotype (Pascoe 2006, Pascoe and Dixon 1994).

An organism with a

Robertsonian translocation can be homozygous for the fusion with two metacentric
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chromosomes, homozygous for the ancestral form with two acrocentric chromosomes,
or heterozygous for the fusion with one metacentric chromosome and one acrocentric
chromosome. Populations characterized by the rearrangements are deemed
chromosomal races. When chromosomal races come into contact complications like
monobrachial homology can arise.
Chromosome number in N. lapillus is correlated with environmental conditions.
On exposed shores the 2n = 26 karyotype is common while on protected shores the 2n
= 36 karyotype can be found. Intermediate chromosome numbers are found
sympatrically with the extreme karyotypes in some areas (Bantock and Cockayne 1975,
Day et al. 1993, Hoxmark 1970)
The chromosomal polymorphism has also been linked to variation in allozyme
frequencies (Day et al. 1993, Kirby et al. 1994) and mitochondrial DNA (Kirby et al.
1997). Comparisons of DNA sequences of mitochondrial malate dehydrogenase mMDH
haplotypes that vary clinally with the chromosomal polymorphism showed an estimated
sequence divergence time of at least 100 million years ago (Kirby 2004). While
rearrangements and inversions have been documented in the dogwhelk there has been
no clear demonstration of the role of the chromosomal rearrangements and genetic
divergence within and among populations.
3.1	
  What	
  is	
  phenotypic	
  plasticity?	
  
	
  

Phenotypic plasticity refers to changes in phenotype that are induced by an

interaction between genotypes and the environment. Like ecotypic divergence
phenotypic plasticity has been invoked as a mechanism by which a single species
exhibits drastic phenotypic variation in different ecological settings (Stearns 1989,
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Schlichting and Pigliucci 1998, West-Eberhard 2003). Phenotypic plasticity can be
behavioral in nature as is the case in the caterpillar, Grammia incorrupta, which
consumes non-nutritive pyrrolizidine alkaloids when it is parasitized in order to reduce
parasite load and mortality (Singer et al. 2009). Another example is the reduction in
foraging due to the presence of a predator, which has been demonstrated in the
intertidal gastropod, Nucella lamellosa, in the presence of the red rock crab, Cancer
productus (Bourdeau 2009). Many examinations of phenotypic plasticity focus on
inducible defenses and physiological changes in response to predator cues (Harvell
1990, Kishida et al. 2010, Vermeij 1987). Tadpoles of the wood frog, Rana sylvatica,
developed more slowly, and had relatively larger tails and smaller body sizes in the
presence of predators than their conspecifics reared in the absence of predators (Relyea
2005).
3.2	
  Phenotypic	
  plasticity	
  and	
  chromosomal	
  polymorphisms	
  
	
  

Just as chromosomal factors have been shown to affect the formation of distinct

phenotypes it has also been shown to affect the degree to which organisms are
phenotypically plastic. Chromosomal races of the longstalk starwort, Stellaria longipes
have been shown to differ in the amount and pattern of plasticity for several traits
(Macdonald et al. 1988). Additionally, chromosomal inversions have been linked to the
ecological and phenotypic plasticity exhibited by the Anopheles spp. complex in Africa
(Ayala et al. 2014, Rocca et al. 2009).
3.3	
  Phenotypic	
  plasticity	
  in	
  the	
  dogwhelk	
  
	
  

Inducible defenses have also been found in Nucella lapillus. In a laboratory

setting dogwhelks exposed to water-borne crab predator cues developed larger and
thicker shells (Palmer 1990). Palmer (1990) compared the responses of snails from
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protected shores to snails from exposed shores and observed the greatest response in
snails from exposed shores. In a reciprocal transplant experiment Etter (1988b) found
the reverse pattern; snails from protected shores exhibited the greatest phenotypic
response. He found that snails from a protected shore transplanted to an exposed shore
showed the greatest change in pedal surface area. While both of these studies reported
asymmetric plasticity based on the exposure at the site where experimental animals
originated, neither study incorporated information about karyotype or the possibility of
site-specific factors. It is possible that phenotypic plasticity is affected by wave-exposure
mediated factors and/or a chromosomal polymorphism corresponding to wave exposure.
We performed a morphological survey along the coast of Maine in order to
assess the nature of the extensive morphological variation observed in populations of N.
lapillus (Colton 1916). While the classical paradigm of ecotypic variation has been
applied to dogwhelks found along a wave exposure gradient from very exposed to very
protected it has also been suggested that variation is site-specific in nature and that
populations are actually diagnostic of a particular shore (Colton 1916). We measured
shell length, aperture length and width, shell lip thickness, siphonal canal length, and the
presence of teeth on the apertural lip for 428 individuals from 15 protected sites and 349
individuals from 11 exposed sites. We performed a discriminant analysis and treated
exposure and site nested within exposure as random factors. We found that site nested
within exposure explained a greater percentage of the variance than exposure alone.
Additionally, we found that shell dentition occurs more frequently and at a smaller body
size in snails on protected shores. Furthermore, we performed a simple regression
between the average natural log of shell length and the average natural log of aperture
width and found different allometric relationships between these two traits in exposed
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and protected shore populations. Specifically, there was a clear linear relationship
between the two traits on exposed shores (R2 = 0.95). The relationship between the two
traits on protected shores, however, was less clear (R2 = 0.39). Taken together these
results suggest that what has classically been described as ecotypic variation actually
appears to be site-specific in nature and that shell allometry is different across
populations.
We explored the possibility that the site-specific variation we observed was due
to chromosomal differences between populations. We performed karyotypes from
individuals at a subset of the sites from which we collected morphological data. We
found that contrary to prior studies performed in this region (Pascoe 2006) that
chromosome number ranges from 2n = 26 to 2n= 32 in dogwhelk populations in Maine.
We have found that chromosome number is correlated with morphological variation.
Furthermore, we performed field transplantation experiments with individuals from 4
exposed sites and three protected sites of different karyotypes. Our results suggest that
the degree of plasticity varies with chromosome number and that the response varies
depending upon the trait examined.
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CHAPTER	
  2:	
  SITE	
  MATTERS:	
  THE	
  ROLE	
  OF	
  SITE-‐SPECIFIC	
  FACTORS	
  IN	
  
DETERMINING	
  SHELL	
  MORPHOLOGY	
  OF	
  THE	
  DOGWHELK,	
  NUCELLA	
  LAPILLUS	
  
(LINNAEUS	
  1758)	
  
	
  
2.1	
  Introduction	
  
Species have classically been characterized according to morphological
similarities and more recently according to genetic similarities. Distinct phenotypes are
often observed in specific environmental contexts and these forms, known as ecotypes,
are typically considered characteristic of the environmental conditions in which they are
found (Turesson 1922, Quinn 1978). Ecotypes are most commonly found in species
where individuals are dispersal limited and therefore endure persistent, reliable
environmental cues (Stankowski 2011), and so it is not surprising that there is an
abundance of botanical examples many of which are the classic models for this type of
morphological variation.
Demonstrating ecotypic variance typically involves the collection of immature
individuals that will then be reared in a common garden. An early common garden
manipulation utilized 458 plant and seed samples of Cocksfoot grass (Dactylis glomerta)
from Denmark, France, the United States, Sweden, New Zealand, England, Scotland
and Wales yielding a total of 11,328 plants in this single study (Stapledon 1928). These
plants were separated into six vegetative groups with three ecotypes from three main
habitat types: temporary leys, old swards, and waste places that varied in growth rates,
growing season, canopy density, and the relative abundance of the six vegetative
groups (Stapledon 1928). Another example is variation among the pine, Pinus strobus.
Seeds collected from eight sites between North Carolina and New Brunswick were
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reared in a greenhouse, and plants showed differences in needle length, number of
stomates, resin ducts, and responses to changes in photoperiodic length (Mergen 1963).
Studies of ecotypic variation in plants often focus on responses to
anthropogenically mediated environmental disturbances. A major area of study has
been differences in heavy metal tolerance across ecotypes that are associated with
contaminated soils with high levels of cadmium, copper, and zinc (Bradshaw 1960,
Gregory and Bradshaw 1964, Schat et al. 1997, Zhang et al. 2007). Ecotypic variation is
also often considered a factor in the range expansions of introduced and invasive
species. In a greenhouse manipulation of the Chinese tallow tree Sapium sebiferum the
invasive ecotype found in Texas was more tolerant to simulated root herbivory than the
native Chinese forms which showed reduced root and shoot mass (Rogers and Siemann
2004). The common garden nature of these experiments shows that ecotypic variation
persists in the absence of environmental variation and that ecotypes represent locally
adapted populations under a specific subset of ecological pressures.
Other examples are commonly seen among the invertebrates that live on rocky
intertidal shores. The rocky intertidal zone is a heterogeneous landscape consisting of
patchy habitats subject to diverse ecological pressures. In the Northern Gulf of
California there is a conic morph and a bent morph of the acorn barnacle, Chthamalus
anisopoma. Through a series of field experiments Lively (1986) found that the bent form
only occurred in the presence of the predatory gastropod Acanthina angelica and that
this form is more resistant to predation. Mobile species can also show ecotypic variation.
A recent transplantation of the sea star Pisaster ochraceus found that arm allometry
varied predictably with wave exposure; arm aspect ratio increased with increasing wave
action as did arm length while body mass corrected for arm length decreased with
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increasing wave action (Hayne and Palmer 2013). Ecotypic variation in marine
organisms, mobile or not, is usually found in organisms with direct development and
limited movement that must often adapt to specific environmental constraints. These
conditions can lead to a high degree of intraspecific variation across the geographic and
environmental ranges of species lacking a pelagic larval dispersal stage.
A classic example is the dogwhelk, Nucella lapillus. This species is a direct
developing neogastropod found in the rocky intertidal zone on both sides of the Northern
Atlantic. A focal species in landmark intertidal ecological research (Connell 1961,
Menge 1976), dogwhelks have been touted as a model of ecotypic variation. The
extensive range of phenotypes and the factors driving variation have been objects of
speculation for over a century (Conant 1900, Colton 1916, 1922, Currey and Hughes
1982, Etter 1989, 1996, Kitching 1977, Kitching et al. 1966, Moore 1936, Palmer 1990).
The broadest morphological distinctions separate the forms into exposed and protected
ecotypes. Dogwhelks on wave-exposed shores have relatively small shells with large
apertural openings and shells of variable color and pattern. On sheltered shores where
crab predators are more common dogwhelks have large, robust shells, narrow apertural
openings and are typically white in color. The robust shells are thought to reduce
mortality due to shell-crushing predators which are common on sheltered shores
(Kitching et al. 1966, Hughes and Elner 1979, Vermeij 1987) and the white color are
thought to reduce thermal stress (Harris and Jones 1995).
Yet just as shores exhibit a range of exposures, dogwhelks have been said to
exhibit a more continuous range of phenotypes (Colton 1916, 1922). In an extensive
sampling survey along the coast of Maine, Colton (1916, 1922) assessed shell
characters and color patterns for over 10,000 snails. He found that variation was very
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site-specific. He went so far as to suggest that the morphology of a dogwhelk population
was diagnostic of a given shore and the ecological conditions of that shore. This
suggests that shell variation is likely of a more continuous nature along a wave exposure
gradient.
The extensive phenotypic variation found in dogwhelks has been attributed to the
existence of chromosomal races (Staiger 1957), genetic predisposition (Kirby et al.
1994, Pascoal et al. 2012, Rolan et al. 2004) and phenotypic plasticity (Etter 1988,
Palmer 1990, Pascoal et al. 2012). Staiger (1957) documented a correlation between
shell lip thickness and the occurrence of a chromosomal polymorphism in French
populations of N. lapillus where increased shell lip thickness was associated with
individuals of the 2n = 36 karyotype. Common garden experiments conducted in sea
water tables have consistently shown a genetic predisposition to shell shape as progeny
reared in common conditions more closely resemble the phenotype of their progenitors
and exhibit stable, discreet differences (Kirby et al. 1994, Pascoal et al. 2012, Rolan et
al. 2004). Lastly, reciprocal transplant experiments have shown phenotypic plasticity in
shell length, shell lip thickness, shell weight, body weight (Palmer 1990) and pedal
surface area (Etter 1988).
In order to establish the amount of the phenotypic variation we performed a
geographic survey along the coast of Maine in 2010. Several shell traits were measured
on individuals collected from exposed and protected shores in order to determine if the
phenotypic variation was ecotypic in nature (due to exposure) or site-specific. We
examined variation in six morphological traits from 428 individuals from 15 protected
sites and 349 individuals from 11 exposed sites. We examined the proportions of the
variance that could be attributed to wave exposure versus those that were due to site
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nested within exposure. When we looked across the shell traits, shell length, aperture
length and width, shell lip thickness, siphonal canal length, and the presence of teeth on
the apertural lip we found that the average differences across the traits was more
associated with site specific differences than wave exposure.
2.2	
  Materials	
  and	
  Methods:	
  
	
  

In 2010, snails were collected from exposed and protected sites along nearly 200

km of the Maine coast. (Table 1). We collected between 25 and 50 adult dogwhelks
from 15 protected sites and 11 exposed sites. Snails were collected along a 30 km
transect at each site that zigzagged along the low tide mark. All collections were made
at low tide. A total of 428 individuals from protected sites and 349 individuals from
exposed sites were included in the analyses.
Six morphological traits were recorded from each snail. These were shell
length, aperture length and width, shell lip thickness, siphonal canal length, and the
presence of teeth on the apertural lip. These traits have been used by others to
evaluate ecotypic variation in dogwhelks (Colton 1916, Conant 1900, Etter 1988,
Guerra-Varela et al. 2009, Palmer 1990, Rolan et al. 2004). Shell measurements were
done with digital calipers to +/- 0.1 mm. Shell length was the distance between the
apex of the spire and the tip of the siphonal canal. Aperture length was the distance
between the top and the bottom of the apertural opening and aperture width was the
distance between the columella and the inner shell lip at the widest part of the opening.
Shell lip thickness was measured at the suture mark of the outer whorl at the top of the
aperture. Siphonal canal length was taken from the top of the siphon beginning at the
columella to the lower tip of the siphon. The presence of teeth along the apertural lip was
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described as either present or absent. Where dentition was not apparent a slender
metal probe was run along the inner aperture in order to detect the presence of ridges.
The continuous traits – shell length, aperture length and width, lip thickness and
siphonal canal length were first analyzed separately by nested analysis of variance to
estimate the sources of variation. Snails were nested within sites and sites were nested
within exposure. Exposure and site nested within exposure were treated as random
factors because we were interested in the amount of variance explained by each source
rather than testing the significance of each source (Table 2). The least squared means
and standard errors for each trait are also reported (Table 3). Multivariate tests of
dispersion were carried out using the betadisper function in R package vegan. This
function is based on Anderson’s PERMDISP2 procedure, which carries out a
permutation test for the distance of each observation from the centroids of several
groups and is a multivariate analog of Levene’s test for homogeneity of variances.
Three tests were done. First, the difference between snails from exposed versus
protected sites ignoring site identification was done. Next, two separate tests were
done; one for exposed sites and the other for protected sites were done. The five
variables used in the analyses were shell length, aperture length, aperture width, shell lip
thickness, and siphonal canal length, and these were ln-transformed. Euclidean
distances were used.
Second, as larger shells have been reported as being more likely to have shell
dentition (Vermeij 1987) we examined the relationship between shell dentition and shell
length using logistic regressions. Data from protected and exposed shores were
analyzed separately.
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Third, a discriminant analysis was performed to examine the combined effects of
all traits from exposed and protected sites (Fig. 1). The natural logs of shell length,
aperture length, aperture width, siphonal canal length and shell lip thickness were the
response variables. The independent variable was site. The slopes for exposed and
protected sites were calculated from the principal components of the mean canonical
scores from exposed and protected sites. Because the first canonical axis was
correlated with shell length and the second with aperture width, regressions were
performed using the natural log of shell length as the independent variable and the
natural log of aperture width as the dependent variable to examine the relationship
between the two. It has been shown that snails from exposed shores typically exhibit
greater aperture widths at a given shell length (Kitching et al. 1966). We expected to
observe a positive linear relationship between shell length and aperture width in snails
from exposed shores as this is known to be an ecologically relevant trait that minimizes
the risk of dislodgement in these environments (Kitching et al. 1966). We expected that
aperture width would be smaller at a given shell length on protected shores as a large
apertural opening could potentially increase the risk of predation by shell-crushing
predators (Hughes and Elner 1979). We performed the regressions to assess whether
the correlation between aperture width and shell length was consistent across exposed
and protected shores despite these disparities in the adaptive value of increased
aperture width.
Data for exposed and protected shores were analyzed separately.
All analyses were done using JMP version 11 for Macintosh. Images were
generated with Sigmaplot 12 for Windows

19	
  
	
  

2.3	
  Results:	
  
Across traits, exposure explained an average of 26.3% of the variance while site
nested within exposure and the residual explained averages of 38.6% and 34.9% of the
variance, respectively (Table 2). Site nested within exposure explained the greatest
amount of variance for aperture width (52.3%) followed by aperture length (38.3%), shell
length (37.1%), siphonal canal length (35.8%), and shell lip thickness (29.6%). The
variance due to exposure exceeded the variance due to site nested within exposure
slightly for shell lip thickness (39.7%) and siphonal canal length (38.2%). Exposure
explained 32.7% of the variance for shell length and explained only 16.4% and 4.7% of
the variance for aperture length and aperture width, respectively. The percentage of the
variance associated with the residual was greatest for aperture length (45.4%). The
residual explained 42.3% of the variance for aperture width, 30.2% of the variance for
shell length, 26.1% of the variance for siphonal canal length, and 30.6% of the variance
in shell lip thickness.
For the analyses of dispersion, all three tests were highly significant (P<< 0.001).
Surprisingly, snails from exposed sites were more variable than snails from protected
sites. There was also significant variation among exposed sites and among protected
sites, but without any clear pattern.
As expected, mean shell length was greater on protected shores than on
exposed shores with values of 29.1 mm and 23.5 mm respectively (Table 3). Maximum
shell length was consistent with these findings as the greatest shell length on protected
shores was 45.23 +/- 0.1 mm and 39.4 +/- 0.1 mm on exposed shores. Also, aperture
teeth are more commonly found on individuals from protected shores as has been
suggested previously (Vermeij 1987); 98 of 349 snails on exposed shores had teeth
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while 227 of 428 snails from protected shores had teeth. A logistic regression of the
presence of teeth on shell length showed that a snail on a protected shore at a shell
length of 27.1 mm had a 50:50 chance of having shell dentition. Snails below that length
tended to lack teeth, those above tended to have teeth. In contrast, the size at which an
organism is equally likely to have teeth vs. teeth being absent is 31.5 mm on an exposed
shore (Table 4). Shell dentition is both more common on protected shores and seems to
be occurring in relatively smaller individuals.
The discriminant analysis showed a clear separation of sites due to exposure
(Fig. 1). It also appears that protected shore phenotypes show more variation both
within sites and among sites. This can be seen in the size of the SEs for protected sites
and the spread of the centroids for protected sites when compared to exposed sites.
The first discriminant axis captured 54% of the variation and the second discriminant
axis captured 24% of the variance. The first discriminant axis was strongly positively
correlated with the shell length and siphonal canal length and strongly negatively
correlated with aperture width. Shell lip thickness and aperture length were weakly
negatively correlated with the first discriminant axis. The second discriminant analysis
was strongly positively correlated with aperture width, weakly negatively correlated with
shell length, aperture length, shell lip thickness and, weakly positively with siphonal
canal length. The distribution of sites on the discriminant axes suggests that there is a
positive linear relationship between shell length and aperture width and that this
relationship differs with exposure. Protected sites are more spread out along the first
discriminant axis suggesting a relatively weaker correlation between the traits aligning
with the respective axes.
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Regressions for protected and exposed sites that were based on the logaverages of shell length and aperture width at each site showed different slopes and
different amounts of explained variation (Fig. 2). There was a very strong positive
correlation between the natural log of shell length and aperture width (R2 = 0.95) on
exposed sites. There was also a greater range of average shell length and aperture
width across exposed sites. Snails on protected shores exhibited a narrower range of
shell lengths and aperture widths, but the correlation between shell length and aperture
width was much weaker (R2 = 0.39). An ANCOVA showed a significant interaction
between shell length and exposure and suggested that the slopes are significantly
different in exposed and protected populations (P< 0.001).
2.4	
  Discussion:	
  
As has been previously suggested there are robust morphological differences
between dogwhelks from exposed and protected shores. The adaptive value of each
ecotype has been demonstrated in their respective habitats (Etter 1989, Harris and
Jones 1995, Hughes and Elner 1979, Kitching et al. 1966). Our data suggest that there
are also significant effects of site-specific factors as this factor explained the largest
component of variance across exposed and protected sites. Our results were consistent
with previous studies in that maximum and average shell lengths are greater on
protected shores. In addition to the more salient differences in maximum shell length
and thickness our results suggest that shell traits and allometry may also vary along the
wave exposure gradient. Our logistic analysis on shell dentition showed that at a given
shell length snails on protected shores have a greater probability of developing apertural
teeth and can develop them at smaller sizes.
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The first and second axes yielded by the discriminant analysis correlated most
strongly with shell length and aperture width and captured 54% and 24% of the variance,
respectively. Though exposure was not incorporated in the analysis each exposure type
clustered together reflecting the broader ecotypic variation. There was comparatively
less correlation between the first and second discriminant axes in protected sites relative
to exposed sites. Additionally, the first and second discriminant axes are positively
correlated on exposed shores and negatively correlated on protected shores.
Furthermore, the regression analysis showed that shell length is a fairly accurate
predictor of aperture width in dogwhelks from exposed shores while the correlation
between these traits in dogwhelks on protected shores is weaker. Interestingly, while
Anderson’s dispersion test showed that the snails from exposed shores were more
variable i.e., exhibited a wider range of phenotypic variance the relationship between
shell length and aperture width is significantly more correlated on exposed shores. We
suggest that the variable correlation between shell traits on exposed and protected
shores coupled with the logistic analysis on shell dentition may be indicative of divergent
allometric relationships that vary with wave exposure.
Ecotypic variation may also be a result of phenotypic plasticity (Hayne and
Palmer 2014, Lucek et al. 2014). Field and laboratory experiments have shown that
both ecotypes are phenotypically plastic (Etter 1988, Palmer 1990). Etter (1988)
suggested that protected shore morphs were more phenotypically plastic based on a
drastic increase in pedal surface area in snails taken from protected sites and
transplanted to exposed sites relative to the reciprocally transplanted individuals taken
from exposed shores. A mark/recapture study performed on both shore types showed
that mortality was higher on exposed shores and thus the risk of a
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phenotype/environmental mismatch is greater on these sites (Etter 1989). As a result,
Etter (1989) suggested that exposed shore phenotypes could be expected to be more
canalized which would minimize the risk of a phenotypic error. This speculation is
consistent with our finding that there is a very strong correlation between shell length
and aperture width in snails from exposed sites (Fig. 2). Similarly, exposed sites
clustered relatively close together in the discriminant analyses (Fig. 1).
In contrast, Palmer (1990) found that when raised in a common garden, snails
from an exposed shore showed the greatest change in shell weight, shell length, body
weight and shell lip thickness in response to water-borne crab predator cues. If
correlation between shell traits does in fact differ between populations from exposed and
protected sites then plastic responses may differ, as well. Thus the results of Etter
(1988) and Palmer (1990) may not contradict each other, but are instead governed by
different factors. A more recent study examined plasticity via a field transplantation
experiment and found that morphology was due both to plasticity and heritable genetic
components (Pascoal et al. 2012) though this experiment also utilized only a single
exposed and protected site. Because these experiments utilized populations from only a
single site of each exposure type it is difficult to discern whether the observed
differences are due to site-specific factors, exposure, or varying degrees of phenotypic
plasticity between exposure types and/or populations.
It is also possible that morphological variation is due to chromosomal
polymorphisms, which have been extensively documented throughout the Eastern
Atlantic range of Nucella lapillus (Bantock and Cockayne 1975, Day et al. 1993,
Hoxmark 1970, Staiger 1957). Chromosome number varies between 2n = 26 and 2n =
36 (Staiger 1957). Morphological differences among chromosomal races have been
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suggested (Staiger 1957). Chromosome number has also been correlated with wave
exposure as the 2n = 26 form is more common on exposed shores while higher
chromosome numbers are more typical of protected shores (Kirby et al. 1994, Staiger
1957). The polymorphism is due to Robertsonian translocations involving centric fusions
of acrocentric chromosomes to form metacentric chromosomes. The 2n = 36 form is
therefore considered to be the ancestral form. In addition to Robertsonian translocations
chromosomal inversions have also been shown to occur in the European range (Day et
al. 1993). Inversions have been shown to lead to drastic morphological changes and the
emergence of chromosomal races in numerous taxa such as mosquitoes, mice, voles,
and butterflies (Ayala et al. 2011, 2014, Corti and Rohlf 2001, Polly et al. 2013).
Ecotypic variation can be a result of genetic variation (Berner et al. 2011, Drotz et
al. 2012, Hemmer-Hansen et al. 2013) or phenotypic plasticity (Hayne and Palmer 2014,
Lucek et al. 2014) within a species whose populations are distributed across a range of
habitats. The locally adapted phenotypes are the result of genetic predisposition
granting fitness in a particular environmental context or genotype x environment
interaction that produces a competent phenotype in a particular environmental context.
The adaptive value of each ecotype of Nucella lapillus has been demonstrated in
their respective habitats (Etter 1989, Harris and Jones 1995, Hughes and Elner 1979,
Kitching et al. 1966), but the substantial contribution of site specific factors to the
phenotypic variance observed across sites suggests that there are more than two
optimal phenotypes that exist on a continuum along the wave exposure gradient. At this
point we cannot say whether the site-specific differences observed are a product of
chromosomal factors, phenotypic plasticity, or an interaction between these factors.
Twenty individuals from three sites in Maine were found to be monomorphically 2n = 27
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(Pascoe 2006). As these sites were only approximately 20 km apart it is possible that
the chromosomal polymorphism is present in other dogwhelk populations in the Western
Atlantic. The occurrence of chromosomal races could possibly explain the site-specific
variation we observed. Further investigation into the possible impacts of chromosome
number on morphology and phenotypic plasticity in dogwhelks is necessary in order to
understand the nature of ecotypic variation in this species.
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Table	
  1:	
  Sites of collection. Coordinates in degrees, minutes, seconds.	
  
	
  

Site
Owl's Head
Birch Point
Grindstone Neck
Spruce Point
Pemaquid Point
Marshall Point
Head Beach
Otter Point
Two Lights
Bass Harbor Head
Schooner Head
Birch Point
Grindstone Neck
LaMoine Beach
Seal Cove
Blue Hill Falls
Pemaquid Point
Marshall Point
Martin Point
Newagon
Drinking Cove
Lincolnville
Ocean Point
Damariscotta River
Damariscotta River
Lophaus Point

Exposure
Exposed
Exposed
Exposed
Exposed
Exposed
Exposed
Exposed
Exposed
Exposed
Exposed
Exposed
Protected
Protected
Protected
Protected
Protected
Protected
Protected
Protected
Protected
Protected
Protected
Protected
Protected
Protected
Protected

Latitude
N 44° 5' 33.18"
N 44° 2' 10.9752"
N 44° 22' 17.9754"
N 44° 21' 35.1252"
N 43° 50' 8.7756"
N 43° 55' 48.36"
N 43° 50' 59.04"
N 44° 18' 38.8614"
N 43° 33' 31.6944"
N 44° 13' 18.012"
N 44° 19' 55.758"
N 44° 2' 16.7562"
N 44° 22' 18.264"
N 44° 27'14.4"
N 44° 16' 35.5188"
N 44° 22' 28.4484"
N 43° 50' 12.3138"
N 43° 55' 5.952"
N 43° 58' 4.5726"
N 43° 47' 10.7016"
N 43°55' 53.508"
N 44° 16' 58.062"
N 43° 48' 51.7602"
N 43° 55' 49.5048"
N 43° 56' 16.3098"
N 44° 14' 55.74"
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Longitude
W 69° 2, 39.32"
W 69° 5' 50.4384"
W 68° 5' 20.454"
W 68° 1' 29.9274"
W 69° 30' 23.3136"
W 69° 15' 36.618
W 70° 4' 41.838"
W 68° 11' 19.7046"
W 70° 12' 14.4714"
W 68° 20' 11.88"
W 68° 3' 30.564"
W 69° 5' 43.9074"
W 68° 5' 27.4416"
W 68° 16' 52.032"
W 68° 18' 50.4612"
W 68° 33' 32.3166"
W 69° 30' 31.0788"
W 69° 15' 40.7268"
W 69° 21' 44.6472"
W 69° 39' 27.846"
W 69° 14' 28.842"
W 69° 0' 24.9078"
W 69° 35' 35.3832"
W 69° 35' 9.9702"
W 69° 34' 49.4574"
W 68° 21' 32.442"

Table	
  2:	
  REML of site nested within exposure, exposure, and residual for five shell
traits: shell length, aperture length, aperture width, shell lip thickness, and siphonal canal
length. Site nested within exposure and exposure were treated as random factors.
	
  

Trait

Shell
length

Variance

Exposure
0.04

0.04

0.04

95% Confidence interval

0.01 - 142.3

0.03 - 0.09

0.03 - 0.04

Percent of variance

32.7

37.1

30.2

Variance value

0.01

0.03

0.04

0 - 228.6

0.02 - 0.06

0.03 - 0.04

Percent of variance

16.4

38.3

45.4

Variance value

0

0.04

0.03

Aperture
95% Confidence interval
width

0 - 6.03 x 10^8 0.03 - 0.09

0.03 - 0.04

Percent of variance

4.7

52.3

42.3

Variance value

0.1

0.09

0.09

0.02 - 284.3

0.05 - 0.18

0.00 - 0.08

39.7

29.6

30.6

0.05

0.05

0.03

0.01 - 143.8

0.03 - 0.09

0.03 - 0.04

38.2

35.8

26.1

Lip
95% Confidence interval
thickness
Percent of variance
Variance value
Siphonal
canal 95% Confidence interval
length
Percent of variance
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Residual

Variance value

Aperture
95% Confidence interval
length

	
  	
  

Site[Exposure]

Table	
  3:	
  Least squared mean values and standard errors for shell length, aperture
length, aperture width, shell lip thickness and siphonal canal length of exposed and
protected sites.	
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Table	
  4:	
  Logistic regressions were performed separately for exposed and protected
sites to determine the shell length at which snails were 50% likely to have shell dentition.	
  

Exposure
Exposed
Protected

N
349
428

Number,with,
Size,with,95%,
teeth
confidence,intervals
98
227
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31.5,(29.7,E,34.1)
27.1,(24.1,E,29.4)

Figure	
  1:	
  Discriminant analysis of exposed and protected sites. A discriminant analysis
was performed on the natural logs of shell length, aperture length, aperture width, shell
lip thickness, and siphonal canal length. The mean canonical correlation was calculated
and plotted for each site. The regression was calculated using a principal components
analysis for exposed and protected sites. We used the mean canonical value for
exposed sites and protected sites and used the minimum and maximum values for each
exposure type and the eigenvalues associated with the principal components.
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Figure	
  2:	
  Regression of mean ln(shell length) and mean ln(aperture width) in exposed
(black diamonds) and protected (grey squares) sites.	
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CHAPTER	
  3:	
  A	
  CHROMOSOMAL	
  POLYMORPHISM	
  IN	
  WESTERN	
  ATLANTIC	
  
POPULATIONS	
  OF	
  THE	
  DOGWHELK	
  
	
  
3.1	
  Introduction:	
  
The role of chromosomal variation in speciation has been the source of
controversy for nearly 50 years (White 1978, King 1993, Corti and Rohlf 2001, Baird et
al. 2009). Though chromosomal rearrangements clearly occur spontaneously, it is not
clear how they spread and are ultimately fixed in populations. Classical evolutionary
theory purports that speciation only happens in allopatric populations that are physically
separated and thus reproductively isolated (Futuyma and Mayer 1980, Mayr 1963).
Several models challenging the classical allopatric species paradigm have been
proposed based on the formation of chromosomal races. It is well known that variation
in chromosome number can lead to morphological variation (Orlov et al. 2013, Polly et
al. 2013), reproductive barriers and ultimately the formation of chromosomal races
(Castiglia et al. 2011). The tephritid fruit fly, Rhagoletis pomonella, specialized on native
hawthorns (Crataegus spp.) prior to the introduction of the domesticated apple (Malus
pumila), and chromosomal inversion polymorphisms correlated to diapause traits
facilitated a host shift from hawthorns to apples (Feder et al. 2003a). The host shifts led
to changes in eclosion times and host-related differentiation in six allozymes that occur
within inversions. Taken together these divergent life-history strategies acted as preand post-mating isolating mechanisms (Feder et al. 2003a, 2005). Ayala and Coluzzi
(2005) discussed similar examples of chromosomal rearrangements as factors in
speciation between humans and chimpanzees, Drosophila pseudoobscura and
Drosophila persimilis, and within the mosquito genus Anopheles. In the case of
Anopheles spp. the evidence is consistent with the “suppressed recombination” model
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where rearranged chromosomal regions have reduced levels of recombination and lead
to genomic islands that accumulate mutations that are locally adaptive.
The dogwhelk, Nucella lapillus has between 26 and 36 chromosomes. This
variation is striking given that the chromosome number is 35 for the seven Nucella
species for which data are available (Collins et al. 1996, Marko et al. 2014). The
chromosomal polymorphism was first documented in French populations (Staiger 1957)
and has since been found in Norwegian (Hoxmark 1970) and British populations
(Bantock and Cockayne 1975, Day et al. 1993, Kirby et al. 1994, Pascoe and Dixon
1994, Pascoe 2006). These studies have linked chromosome number with both
morphological and ecological factors. Specifically, higher chromosome numbers are the
predominant form on sheltered shores where the high chromosome number has been
linked with relatively thicker shells (Staiger 1957). Snails with lower karyotype numbers
dominate exposed shores. The chromosomal polymorphism can be found sympatrically
on both shore types and shores with intermediate exposures (Kirby et al. 1994).
The gastropod Muricid genus Nucella consists of seven intertidal predatory
species in the Pacific and Atlantic Oceans (Marko et al. 2014), and dates back to the
Early Miocene. Fossil evidence suggests Nucella lapillus is the most recently derived
extant species. Molecular evidence suggests dogwhelks split from their sister taxa N.
heyseana between 6.4 and 11 million years ago. While this predates the opening of the
Bering Sea, the appearance of the dogwhelk in the stratigraphic record in the early
Pliocene is consistent with the proposed timeline of the trans-Arctic exchange. The
Nucella phylogeny is based upon genetic, morphological and ecological traits including
wave exposure regime, height on shore, diet, several shell parameters, the number of
nurse eggs per embryo, and haploid chromosome number (Collins et al. 1996, Marko et
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al. 2014). Nucella lapillus has values consistent with its congenerics for all of the
relevant character traits with the striking exception of chromosome number.
N. lapillus is a direct developer yet is widely distributed throughout the North
Atlantic (Fretter and Graham 1962). Females deposit egg capsules from which a small
percentage of crawl away snails hatch out (Stockmann-Bosbach 1988). Despite the
absence of a pelagic larval stage, N. lapillus is widely distributed and is the sole
representative of the genus in the North Atlantic Ocean where it can be found along the
intertidal coasts of Europe and North America.
The various karyotypes of N. lapillus are a product of Robertsonian
translocations involving centric fusions. The higher chromosome number (2n = 36) is
thought to be the ancestral state (Collins et al. 1996). The 2n = 26 form has 26
metacentric chromosomes. The 2n = 36 form has eight metacentric chromosomes in
common with the 2n = 26 form, but five of the metacentrics are unfused and correspond
to 10 acrocentric chromosomes (Pascoe 2006). The polymorphism has been well
documented in the Eastern Atlantic. There has been comparatively little sampling effort
in the Western Atlantic range of Nucella lapillus where only 20 individuals from three
locations have been karyotyped (Pascoe 2006). These individuals were found to be
monomorphically 2n = 27. The odd number is a result of heterozygosity in chromosome
four. These individuals contain one metacentric and two acrocentric copies of
chromosome four (Pascoe 2006).
Molecular evidence suggests that North American dogwhelk populations are
likely the result of recolonization by European populations after the last glacial maximum
(Wares and Cunningham 2001, Colson and Hughes 2007). The occurrence of
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geographically isolated populations across a wide range of habitats makes N. lapillus
well suited for examinations of factors governing morphological variation. Despite the
lack of a pelagic larval stage dogwhelk populations do not exhibit the genetic structure
expected of direct developing invertebrates (Colson and Hughes 2004). As North
American dogwhelk populations are descended from European ones the widespread
nature of the chromosomal polymorphism in the European range of N. lapillus suggests
that increased sampling effort may reveal a similar distribution in the dogwhelk’s North
American range.
N. lapillus has been the focal species of many classic ecological field studies
(e.g. Connell 1961, Crothers 1985, Etter 1988b) and has more recently been the subject
of numerous laboratory manipulations focusing on phenotypic plasticity (Large and
Smee 2010, Palmer 1990, Trussell et al. 2011). Dogwhelks exhibit drastic variation in
shell shape and color across a wave exposure gradient (Colton 1916, Moore 1936, Etter
1988b, 1989). This variation is ecotypic in nature as we can broadly categorize the
phenotypes into an exposed shore phenotype and a protected shore phenotype
(Kitching et al. 1966). Dogwhelks on exposed shores typically have short, thin shells
with large pedal surface areas that minimize the risk of dislodgement posed by heavy
surf (Moore 1936, Etter 1988b, 1989). The protected shore ecotype typically has a
large, robust shell that mitigates predation pressure by shell-crushing predators
inhabiting protected shores (Hughes and Elner 1979). Additionally, the earliest studies
documenting the chromosomal polymorphism in N. lapillus found a correlation between
shell morphology, wave exposure, and the chromosomal polymorphism (Staiger 1957).
Dogwhelks on exposed shores typically have the 2n=26 karyotype while those on
protected shores typically have the 2n=36 karyotype.
36	
  
	
  

In an effort to expand on the known distribution of the chromosomal
polymorphism, dogwhelk egg capsules were collected along the coast of Maine in 2011.
Pre-shelled embryos on exposed and protected shores were karyotyped. The
chromosomal polymorphism is indeed present in Western Atlantic dogwhelk populations
with diploid chromosome numbers ranging from 26 to 32. Adult snails were also
collected to examine the relationship between morphological traits and chromosome
number.
3.2	
  Materials	
  and	
  Methods:	
  
Egg capsules were collected from exposed and protected shores in May and
June of 2011 (Table 5). Ten capsules were collected from five aggregations of egg
capsules along a 30 m transect at each site. Egg capsules were kept in a flowing sea
water table prior to preparation of metaphase spreads. Egg capsules were punctured
with a razor blade. The contents were viewed under a dissecting scope to ensure viable
embryos were being utilized. Individual embryos were then transferred to
microcentrifuge tubes. Seawater was pipetted off the bottom of each tube and replaced
with a .05% colchicine solution in seawater for 1 hour. The colchicine was then pipetted
off and replaced with 0.075M KCl diluted in flowing seawater 1:2 for 15 minutes. This
rinse was repeated for another 15 minutes. Another rinse was done with two parts 0.075
M KCl per one part seawater for 15 minutes. This rinse was followed by two fifteenminute rinses in 0.075 M KCl. After the last hypotonic rinse, embryos were fixed in
Carnoy’s fixative (3 parts Ethanol: 1 part Glacial Acetic Acid) for one hour.
Prior to slide preparation slides were wiped clean with a Kimwipe soaked in
ethanol. Two drops of 60% glacial acetic acid were placed in the center of each slide. A
single embryo was pipetted into the glacial acetic acid and crushed with a spatula.
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Slides were then transferred to a 60 C hotplate. The cell suspension then came together
to form a droplet. The droplet was transferred to different parts of the slide until it had
evaporated entirely leaving a series of rings on the slide. Slides were left to dry
overnight.
In order to image slides, spreads were stained with bisBenzamide H diluted
1:1000 in distilled water for 5 minutes. The stain was pipetted off and slides were then
rinsed with distilled water for 1 minute. Slides were left to dry thoroughly in the dark.
Mounting media consisted of 27 mL of glycerol and 3 mL of tris HCl. Three to five 10 uL
drops were applied to the slide. A large cover slip was placed over the mounting media
and compressed. Clear nail polish was applied around the perimeter of the coverslip to
seal it. Slides were imaged via fluorescence microscopy. Chromosome number was
determined with the use of ImageJ64 software for Macintosh.
Adult snails were collected from five of the sites from which metaphase spreads
were prepared. Snails were collected from at least 5 different breeding aggregations
along a 30 m transect that zigzagged along the low tide line. Shell length, aperture
length, and aperture width were measured with digital calipers to the nearest +/- 0.01
mm. Structural equation modeling was used to estimate the strengths of the
relationships among chromosome number, the place of origin, and measured variables
of body size and shape. Shell aperture width, which is known to be plastic in response
to predators, was used as the response variable. Shell aperture width was assumed to
be affected by overall body size, chromosome number, and place of origin. Shell length
and aperture length were used to estimate an overall latent variable of “body size.”
Chromosome number and place of origin were categorical variables and were coded
using dummy variables. The four chromosome karyotypes were scored using three
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dummy variables and the five places of origin were scored using four dummy variables.
The structural equation model was analyzed using the lavaan package in R.
3.2	
  Results:	
  
We have found that dogwhelk populations in Maine do exhibit a chromosomal
polymorphism. The diploid chromosome number ranged from 2n = 26 to 2n =32 (Table
5, Fig. 3).
The results of the structural equation modeling suggest that shell size is the best
predictor of aperture width (Fig. 4). Once we control for the effect of shell size on
aperture width, however, we see that chromosome number and site of collection have
significant effects on aperture width. Furthermore, chromosome number and site of
collection have approximately equal effects on aperture width.
3.2	
  Discussion:	
  
Our results show that the chromosomal polymorphism is, in fact, present in North
American populations of the dogwhelk along the coast of Maine. This is likely due to our
sampling effort in which we sampled 44 individuals from 13 sites in contrast to Pascoe
(2006) who sampled only 20 individuals from three locations. We have also found some
correlation between wave exposure and chromosome number as dogwhelks with greater
than 30 chromosomes are only found on the most protected of sites. While there seems
to be a relationship between chromosome number, wave exposure, and morphology we
cannot fully assess the nature of this relationship. It is likely that chromosomal
rearrangements have led to phenotypic divergence. Past studies in N. lapillus have
shown that aperture width is an ecologically relevant trait (Etter 1988) and is a key trait in
the delineation of ecotypes (Crothers 1985, Kitching et al. 1966, Moore 1936). Our
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results suggest this trait is affected by chromosome number either directly via dictation
of a canalized phenotype or indirectly through mediating phenotypic plasticity.
In the case of the neotropical butterfly, Heliconius numata the P supergene is
found on a 400 kb chromosomal segment that has undergone rearrangements and has
seven alleles that corresponds to seven sympatric morphs (Joron et al. 2011).
Suppressed recombination in the areas of rearrangement may lead to chromosomal
continents or islands of linked genes that evolve independently and can accumulate
locally adapted alleles (Hemmer-Hansen et al. 2013, Hoffmann et al. 2004, Michel et al.
2010, Navarro and Barton 2003). The genes associated with these loci may lead to
discrete phenotypes or ecotypes as it has in mosquitoes, Mycoplasma, the Atlantic cod,
and butterflies (Ayala et al. 2011, Bhugra and Dybvig 1992, Hemmer-Hansen et al.
2013, Joron et al. 2011) or may perhaps influence phenotypic plasticity as it has again in
mosquitoes and longstalk grass (Ayala et al. 2014, Macdonald et al. 1988).
Our findings are quite different from others. An examination of Portugese
dogwhelk populations found no correlation between shell shape/size and chromosome
number (Galante-Olivera et al. 2012). It is important to note that Galante-Olivera et al.’s
(2012) conclusion was made in the absence of the chromosomal polymorphism: they
examined only one population that was monomorphically 2n = 26. They argue the
persistence of ecotypic variation in the absence of the chromosomal polymorphism
suggests that chromosome number does not play a role in governing shell shape.
These findings are problematic for several reasons. First, the coast of Portugal seems
to be relatively uniform with regards to wave exposure. The aspect of the shore does
not change drastically through the range of the study. Crothers (1985) suggested that
the shells of dogwhelks in Portugal are either of the sheltered-shore or intermediate form
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and are predominantly colored. These two pieces of evidence suggest that these
environments actually fall into the category of semi-exposed as Crothers (1985) notes
both the absence of the open coast form and the absence of white-shelled individuals
that typically dominate protected shores. Also, the authors have chosen to use the ratio
of shell length to aperture length as a metric for shell shape. This is problematic as shell
length and aperture length are positively correlated which is likely why the r2 values they
observed between these traits was quite high for many of their sites. As we have
previously demonstrated, the relationship between shell length and aperture width varies
greatly between wave exposed and protected sites. Lastly, they observed a relatively
small range in mean shell lengths and subsequently ratios of shell length to aperture
length: average shell length ranged from 18.21 mm to 26.01 mm and the ratio of shell
length to aperture length ranged from 1.56 to 1.81. We suggest that in addition to the
absence of the chromosomal polymorphism in the study sites utilized by GalanteOliveira et al. (2012) that the environmental variation necessary to observe the full range
of phenotypic variance in dogwhelks is also absent. Their failure to demonstrate
statistically differentiated phenotypes instead suggests relative morphological uniformity
in addition to the stable, fixed karyotype of 2n = 26.
Field and laboratory experiments have shown that there are both heritable and
environmental components to shell shape in the dogwhelk (Crothers 1985, Etter 1988b,
Rolan et al. 2004, Guerro-Varela et al. 2009). In reciprocal field experiments,
transplanted animals typically come to resemble snails native to the site of
transplantation while those reared in a common garden show a predisposition toward
their parental shell-type (Kirby and Bayne 1994, Guerra-Varela et al. 2009, Pascoal et al.
2012).
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Increased shell lip thickness is an inducible defense mediated by the presence of
water borne chemical cues from crab predators (Palmer 1990). In protected habitats
where crab predators are abundant it is therefore unclear whether karyotype affects shell
morphology directly or the extent to which phenotypic plasticity drives morphology.
While the individuals with high chromosome numbers are also those with the largest and
most robust shells it is not clear whether this is due to environmental inputs,
chromosomal factors, phenotypic plasticity or potential interaction(s) between these
factors.
Haplotypes of mitochondrial malate dehydrogenase (mMDH) revealed clinal
variation that paralleled the previously documented chromosomal and morphological
variation in British dogwhelk populations (Kirby 1994). The study revealed two nuclear
haplotypes that are estimated to have diverged approximately 100 million years ago.
The authors raise the question of whether chromosomal rearrangements have led to
allelic-like sorting of the allozyme variants through effects on recombination (Kirby et al.
2004). They further suggest that each ecotype represents an adaptive phenotypic peak
in its respective environment. The resultant phenotypes are then likely a result of
environmental and genetic factors mediated by chromosomal arrangements. Together,
these forces may explain why a given shell type has been said to be diagnostic of a
particular shore (Colton 1916). Chromosomal rearrangements are linked to
morphological variation and the formation of chromosomal races in myriad terrestrial
species such as mice, shrews, insects and lizards (Britton-Davidian et al. 2000,
Lamborot et al. 2003, Norry and Colombo 1999, Orlov et al. 2013). The majority of
these occur in geographic isolation and may overlap in small hybrid zones. In the case
of the Australian scale insect species complex, Apiomorpha minor, chromosomal races
42	
  
	
  

may differ by up to 80 chromosomes despite occurring sympatrically and sharing the
same host specificity. Several of the chromosomal races are morphologically
indistinguishable and do not differ in COI sequence (Mills and Cook 2014). It has been
seen, however, that chromosomal differentiation acts as a post-mating isolation
mechanism in this species and that the different races are in fact reproductively isolated.
It is well established that the morphological variation in dogwhelks is a product of
environmental and genetic factors as well as the interaction of these two forces.
Additionally, there has been some speculation regarding the role of karyotype in
morphological variation in the dogwhelk (Staiger 1957). The case is particularly
complicated when we consider that the chromosomal polymorphism may play a role in
the extent to which the relevant traits are plastic. In order to assess the role of the
chromosomal polymorphism in ecotypic variation of Nucella lapillus it is necessary to
explore the relationship between the polymorphism and phenotypic plasticity. Previous
field and laboratory manipulations have shown that several of the traits used to delineate
ecotypes are phenotypically plastic. Furthermore, these traits differ in the degree to
which they are plastic across populations. Specifically, it has been shown that
dogwhelks from an exposed shore showed a greater response to water-borne chemical
cues in laboratory manipulations by developing thicker shells (Palmer 1990).
Conversely, dogwhelks originating from protected shores showed a greater phenotypic
response than exposed shore individuals when both populations were transplanted to a
novel exposed shore (Etter 1988b). In this instance, the protected shore individuals
showed a more drastic increase in pedal surface area relative to the snails originating
from an exposed shore (Etter 1988b). These studies focused on phenotypic differences
due to wave exposure and utilized only a single exposed and protected site for each
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experiment. As we have found that site-specific in addition to chromosomal factors play
key roles in phenotypic variance it cannot be stated with certainty whether the different
observed responses are due to exposure mediated or site-specific influences.
Phenotypic variation in the dogwhelk presents us with a unique opportunity to
examine the interaction of environmental and genetic factors and their influence on
intraspecific morphological divergence. In order to effectively examine the degree and
nature of plastic traits in dogwhelks it is necessary to conduct field transplant
experiments involving organisms from multiple exposed and protected sites to capture
both exposure mediated and site-specific influences on plasticity and the resultant
phenotype. Nucella lapillus provides us with a novel system to examine the role of
environmental and chromosomal inputs that govern phenotypic plasticity and the
subsequent ecotypes that characterize this otherwise well-studied ecological model
organism.
Chromosomal rearrangements can arise spontaneously within a population. The
rearrangements can reach high frequencies or even fixation if populations are
geographically or temporally isolated. Chromosomal rearrangements can lead to drastic
phenotypic differences in chromosomal races (Lamborot et al. 2003, Orlov et al. 2013,
Wilson 2013). In the case of cryptic species chromosomal polymorphisms suppress
recombination of rearranged chromosomal regions and can lead to reproductive isolation
in the absence of morphological differentiation (Mills and Cook 2014). If lineage
divergence driven by chromosomal changes has occurred relatively recently, speciation
may occur without the typically accompanying changes in COI sequences used to
construct species phylogenies (Mills and Cook 2014).

44	
  
	
  

Table	
  5:	
  Sites of embryo collection in 2011 and 2012 with the number of individuals from
which spreads were prepared, and the number spreads counted from each site.	
  

Site

Exposure

Bass Harbor Head
Birch Point

E
P

Latitude
Longitude
N 44° 13' 18.012" W 68° 20' 11.88"
N 44° 2' 10.975" W 69° 5' 50.438"

Drinking Cove

P

N 43°55' 53.508" W 69° 14' 28.842"

Damariscotta

P

N 43° 55' 49.505" W 69° 35' 9.970"

Head Beach
Hunter's Beach

E
E

N 43° 50' 59.04" W 70° 4' 41.838"
N 44° 17' 58.056" W 68° 13' 54.66"

Lophaus Point

P

N 44° 14' 55.74" W 68° 21' 32.442"

Marshall Point

P

N 43° 55' 48.36" W 69° 15' 36.618"

Moody Beach
Otter Point
Sand Beach

E
E
E

N 43° 17' 21.875" W 70° 34' 15.499"
N 44° 18' 23.695" W 69° 11' 30.627"
N 44° 3' 57.54" W 69° 18' 50.112"

Schoodic Rd
Seawall

P
E

N 44° 19' 55.41" W 68° 2' 15.474"
N 44° 11' 8.232" W 68° 25' 34.53"
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Number
of
Number of
2n spreads individuals
26
26
28
27
30
32
30
28
29
26
27
26
27
28
29
27
28
26
26
27
29
26
27
28
29

5
3
3
2
1
4
2
2
1
6
3
1
2
1
3
1
2
1
9
1
2
3
2
1
1

4
2
2
2
1
3
2
2
1
3
1
1
2
1
2
1
1
1
5
1
1
2
1
1
1

Figure	
  3:	
  Metaphase spreads from several sites: a) Bass Harbor Head, b) Damariscotta
River, c) Lophaus Point, d) Head Beach, e) Hunter’s Beach, f) Marshall Point, g) Sand
Beach
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Figure	
  4:	
  Path diagram from structural equation modeling. Shell size as a function of
shell length and aperture length is the best predictor of aperture width. When the effect
of shell size is corrected for site of collection and chromosome number have similar and
significant effects on aperture width.	
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CHAPTER	
  4:	
  PHENOTYPIC	
  PLASTICITY	
  AS	
  A	
  FUNCTION	
  OF	
  SITE-‐SPECIFIC	
  AND	
  
CHROMOSOMAL	
  FACTORS	
  IN	
  DOGWHELKS	
  
4.1	
  Introduction:	
  
The genetic basis for phenotypic plasticity has been an object of great
speculation and debate (Via et al. 1995), but more recent studies are concerned with
pleiotropic and epistatic mechanisms that are known to underlie specific plastic
responses in an attempt to reconcile genetic and ecological information (Aubin-Horth
and Renn 2009, Pigliucci 1995). Phenotypic plasticity is often presumed to be involved
in range expansion events as it can lead to the emergence of novel phenotypes tolerant
to a suite of ecological conditions.
Recent studies have suggested cytogenetic variation may also explain
intraspecific and ecotypic variation. It has been shown that specific chromosomal
inversions produce discreet phenotypes in numerous taxa (Hatadani et al. 2004,
Lamborot et al. 2003, Wilson 2013). Chromosomal polymorphisms can lead to the
formation of chromosomal races. This phenomenon is often aided by the presence of a
geographic barrier that effectively isolates populations. Lizards separated by the
Aconcagua River in Central Chile differ in chromosome number and showed significant
differentiation in 11 of 28 morphological characters examined (Lamborot et al. 2003).
Similarly, differences in cranial morphology parallel the occurrence of a pericentric
inversion between two karyotypic races of the greater Japanese shrew-mole on Honshu,
Japan (Wilson et al. 2013). Furthermore, a study examining the effects of the
polymorphic chromosome 2 in Drosophila mediopunctata found that the variable color
pattern on the insects’ abdomens was associated with two inversions found on
chromosome 2 (Hatadani et al. 2004). Chromosomal inversions are also correlated with
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wing shape in the malaria vector, Anopheles funestus in Cameroon where inversions
occur along a latitudinal cline (Ayala et al. 2011). Investigators have associated
variation in phenotypic traits to 49 inversions in 8 different Anopheles species (Ayala et
al. 2014). Inversions suppress recombination in the chromosomal regions involved and
can lead to the formation of supergenes that assort as a single Mendelian allele (Ayala
and Coluzzi 2005, Joron et al. 2011, Rieseberg 2001, Rumpler 2004). The occurrence
of one or two inversions can lead to significant morphological divergence within a
species (Hatadani et al. 2004, Rocca et al. 2009, Wilson et al. 2013).
In addition to the production of canalized, distinct phenotypes chromosomal
factors can also play a role in the degree and pattern to which an organism is
phenotypically plastic (Ayala et al. 2011, 2014, Hatadani and Klaczko 2008, MacDonald
et al. 1988). Longstalk starwort, Stellaria longipes, is an outbreeding perennial plant
found in boreal, montane, prairie and tundra habitats and with three interfertile
chromosomal races (Macdonald et al. 1988). Chromosome number was shown to
significantly affect the amount or magnitude of plasticity in four traits and the pattern of
plasticity in two traits with the lowest chromosome number of 2n = 52 showing the
greatest plastic response (Macdonald et al. 1988). Chromosomal inversions are thought
to be responsible for the tremendous amount of phenotypic variation in traits like wing
flexibility and thermal tolerance that has allowed the human malaria vector Anopheles
gambiae to colonize a wide range of habitats in sub-Saharan Africa (Rocca et al. 2009).
For instance, the 2La chromosomal inversion grants a greater degree of thermal
tolerance to A. gambiae larvae reared in the laboratory and is most commonly found in
natural populations occupying arid regions that experience drastic temperature
fluctuations (Rocca et al. 2009).
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It has been speculated that phenotypic plasticity is especially important in
organisms with limited dispersal such as perennial plants whose restricted mobility
forces an individual organism to cope with a range of ecological factors (Macdonald et
al. 1988). Additionally, species that occupy heterogeneous or patchy habitats are also
likely to encounter a wide range of ecological conditions over a relatively small area.
These organisms are often easily isolated by relatively large geographical barriers such
as rivers (Lamborot et al. 2003) and/or mountains (Castiglia et al. 2011, Corti and Rohlf
2001) or on a finer scale through specialization on different hosts (Feder et al. 2003,
Mills and Cook 2014). In these examples adaptations arise and can lead to phenotypic
diversification that could potentially restrict or prevent gene flow between populations
and eventually lead to speciation (Hendry et al. 2009, Rasanen and Hendry 2008,
Schluter 2001, 2009).
The dogwhelk, Nucella lapillus is a Muricid gastropod occupying a variety of
shore types ranging from very exposed to very protected in the Northern Atlantic Ocean.
N. lapillus shows a broad range of ecotypic variation, is phenotypically plastic, and varies
in chromosome number. Unlike many intertidal invertebrate species the dogwhelk lacks
a pelagic larval stage. Dogwhelks reproduce sexually and female dogwhelks deposit
urn-shaped capsules onto benthic surfaces (Fretter and Graham 1962, Moore 1936).
Capsules contain pre-shelled embryos that rely on nurse eggs for nourishment
(Stockmann-Bosbach 1988) and the protective properties of the capsule itself to resist
desiccation (Pechenik 1993, Pechenik et al. 1994). Five to ten percent of the embryos
emerge as crawl away larvae from each capsule during the early summer months
(Moore 1936). Despite lacking a larval dispersal stage dogwhelks are widely distributed
on both the Western and Eastern coasts of the Atlantic Ocean. The rocky intertidal zone
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is a notoriously patchy environment. The heterogeneity on these shores coupled with
limited dispersal has led to the formation of ecotypes on exposed and protected shores
(Feare 1970, Kitching et al. 1966).
The differences between dogwhelks from protected and exposed shore are
striking. Dogwhelks on protected shores have very large, robust shells with thick
apertural lips. Dogwhelks on exposed shores have relatively short, wide shells with
large apertural openings (Feare 1970). Field and laboratory experiments have
demonstrated the adaptive nature of the phenotypic variation on each shore type. The
larger, more robust shells are better able to resist predation pressure from shell-crushing
predators that are abundant on wave-protected shores (Currey and Hughes 1982,
Hughes and Elner 1979, Kitching et al. 1966). The reduced shell height (Feare, 1970,
Kitching 1977) found in snails occupying exposed shores decreases drag while the
larger pedal surface area minimizes the risk of dislodgement on wave-swept shores
(Kitching et al. 1966).
However the variation is not bimodal; ecological conditions vary continuously
along the exposure gradient and so too do the phenotypes of dogwhelks. The ecology
and shell morphology of Maine populations of the dogwhelk were extensively
documented over a century ago by Harold Sellers Colton (Colton 1916, 1922). Colton
found that shell morphology varied to such an extent that the shells collected on a given
shore were said to be diagnostic of a shore type and predictive of the conditions on a
given shore.
The phenotypic variation has also been attributed to chromosomal
polymorphisms occurring along the wave exposure gradient. Chromosome number
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ranges from 2n = 26 to 2n = 36 with individuals with the extreme karyotypes occupying
exposed and protected shores, respectively (Staiger 1957). The 2n = 36 form is thought
to be the ancestral karyotype of the genus Nucella (Wares and Cunningham 2001). The
2n = 26 form is thought to be the product of a series of centric fusions or Robertsonian
translocations. The 2n = 36 karyotype has ten acrocentric chromosomes that exist as
five metacentric chromosomes in the 2n = 26 karyotype (Bantock and Cockayne 1975,
Pascoe 2006, Staiger 1957).
In addition to the correlation between chromosome number and phenotype
(Staiger 1957) phenotypic plasticity of shell traits in the dogwhelk has been the focus of
numerous lab and field studies. In a reciprocal transplant experiment snails from a
protected shore transplanted to an exposed shore showed a greater phenotypic
response in pedal surface area than any of the other experimental groups which
consisted of snails from an exposed shore reared on an exposed shore, snails from a
protected shore reared on a protected shore, and snails on an exposed shore reared on
a protected shore (Etter 1988b). In a laboratory experiment where snails from an
exposed shore and a protected shore were exposed to effluent from a crab predator
snails from the exposed shore showed the greatest response in all of the examined
traits: body weight, shell weight, tooth height, and lip thickness (Palmer 1990). A more
recent study involving both reciprocal transplants and common garden experiments
demonstrated a heritable component of shell shape when embryos were reared in a
common garden and a plastic component of shell shape in individuals transplanted to
both shore types (Pascoal et al. 2012). In contrast to both previously mentioned studies
they observed statistically significant differences in shell shape for all possible pairwise
comparisons (exposed transplanted to exposed vs. exposed transplanted to protected,
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protected transplanted to protected vs. protected transplanted to exposed, etc.).
Interestingly, these results were not consistent across all components of shell shape. In
terms of pure shell growth their results were consistent with those of Palmer (1990) in
that individuals from exposed shores showed the greatest response when transplanted
to a sheltered shore. Surprisingly, the second greatest response in shell growth was
found in individuals reared on an exposed shore transplanted to an exposed shore. As
expected, the greatest absolute shell lengths were observed in individuals transplanted
to protected shores, however, it was again the individuals originating on exposed shores
that achieved the greatest absolute shell length. The authors suggest that the reduced
shell lengths observed in field populations on exposed shores is therefore not likely a
product of selection against individuals with large shells in these environments but a
byproduct of the restricted foraging opportunities on wave-swept shores that likely limit
growth (Pascoal et al. 2012).
While it is clear that there are both heritable and plastic components of shell
shape and size in the dogwhelk previous studies have confounded variation due to
chromosomal factors and variation due to site-specific factors. Colton’s (1916) previous
assertion that morphological variation is site-specific in nature suggests that the
phenotypic variation observed in dogwhelks is due to more factors than simply exposure
alone. Reciprocal transplant experiments performed on a single exposed and a single
protected population do not fully encompass the range of variation observed along the
wave exposure gradient thus making it impossible to distinguish differences due to wave
exposure from site-specific ones. Furthermore, since wave action is thought to limit
growth on wave-swept shores we argue that it may simply be the removal of this limiting
factor in laboratory experiments that yields the drastic response observed in exposed
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shore individuals relative to individuals from protected shores and not the crab predator
cues that the response has been previously attributed to (Palmer 1990). In fact, the
greatest phenotypic response was observed in exposed snails in the control treatment
(i.e. in the complete absence of the stimulatory crab predator cue). While this still may in
fact represent a greater degree of phenotypic plasticity it is not clear whether it is due to
increased sensitivity to the crab predator cue or simply due to removal of the ecological
stressor that is thought to suppress the relatively high growth rates of these animals.
In order to disentangle the confounding effects of exposure, ecotypic variation,
plasticity and chromosomal polymorphism we collected snails from four exposed and
three protected sites along the coast of Maine that varied in chromosome number.
Using a common garden design, snails were transplanted into four replicate sites where
crabs were common and thus we expected to see a plastic response to predator cues.
We have found significant effects of karyotype and exposure on the degree to which
dogwhelks were phenotypically plastic where individuals with a lower number of
chromosomes showed greater phenotypic responses.
4.2	
  Materials	
  and	
  Methods:	
  
4.2.1Karyotype	
  preparation:	
  
Developing embryos within egg capsules were used to determine
karyotypes and were collected in May and June of 2011 and 2012. Collection differed on
exposed and protected sites. On wave exposed sites egg capsules are typically
deposited in rock crevices or on the underside of rocks and boulders. On protected
sites, egg capsules may be deposited directly onto the surface of rocks, the vertical
faces of rocks, or close to the holdfasts of Ascophyllum. Egg capsules were pulled from
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aggregations with no more than five capsules being pulled from a single aggregation to
maximize the chances of encountering egg capsules from different mating individuals.
Egg capsules were then separated by site into glass culture jars covered with mesh and
held in flowing seawater tables at the Darling Marine Center. Tables were vacuumed
every few days to minimize the chance of fouling by entrained sediments.
Metaphase spreads were prepared according to methods of Kirby et al. (1994).
Pre-shelled embryos were dissected out of egg capsules in flowing seawater. The
embryos were examined under a dissecting microscope in order to ensure that only live
embryos were used. Each embryo was then transferred to a microcentrifuge tube and
treated with 0.05% colchicine in flowing seawater for no less than one hour to arrest the
cells at metaphase. The colchicine was then pipetted off and replaced with a series of
15-minute hypotonic washes of .075M KCl in flowing seawater. The first two washes
were 0.075 M KCl in flowing seawater in a 2:1 ratio. The solution was pipetted off and
replaced after 15 minutes. The second series of washes, which was also performed
twice for fifteen minutes, was with 0.075M KCl in flowing seawater in a 1:1 ratio. The
third wash utilized 0.075 M KCl only and was again performed twice, fifteen minutes
each. Embryos were then fixed in Carnoy’s fixative which is a 3:1 mixture of ethanol and
glacial acetic for one hour. The fixative was pipetted off and replaced after the first half
hour. Embryos were then placed on a clean glass slide in three drops of 60% glacial
acetic acid and crushed with a spatula to from a cell suspension. The glass slide was
then transferred to a hot plate set to 60 C. The cell suspension was allowed to “round
up”. A glass Pasteur pipette was then used to transfer the drop to different regions of
the slide. As the acetic acid evaporates off the cellular contents of the cell are deposited
in concentric rings on the slide. The slides were then allowed to dry over night.
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In order to image the metaphase spreads slides were stained with Hoechst stain
for five minutes and then rinsed for one minute with deionized water. Coverslips were
then mounted in a medium consisting of Glycerol and tris (10:1) and sealed with clear
nail polish. Slides were kept refrigerated in the dark until the time of imaging.
Metaphase spreads were imaged with the use of fluorescence microscopy with either
63x or 100x objectives. Images were captured with the use of Image J64 for Macintosh.
ImageJ was also used to count the number of chromosomes in an embryo.
4.2.2	
  Experimental	
  test	
  of	
  effects	
  of	
  karyotype	
  and	
  exposure	
  on	
  plastic	
  response	
  
	
  

Seven candidate sites were selected from the 13 sites that were screened.

Previous karyotyping at these sites revealed that there was little to no variation in
chromosome number at these sites. Four sites were exposed and three were protected
but we were unable to construct a balanced design of chromosome number crossed with
level of exposure (Table 6). Adult snails were collected along a 30 m transect that
zigzagged above and below the low tide mark. All snails were collected at low tide. We
attempted to collect no more than five snails from a single aggregation in order to
maximize variation in size and relatedness among individuals where possible.
Snails were held in a flowing seawater table and provided access to barnacles as
food while initial measurements were obtained and until snails were placed into a
common garden. Shell length, aperture length, aperture width, and shell lip thickness
were measured with digital calipers (+/- 0.1) and each snail was given a unique
identification. Three snails from each locality were placed inside of a 45 by 50 cm
rectangular cage made of stainless steel mesh for a total of 21 snails in each cage (see
Petraitis 1989, 2002 for details of cage design). A large cobble encrusted with barnacles
was placed in each cage to supply the dogwhelks with food. Cobbles were replaced
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approximately every 2-3 weeks. Cages were deployed at four protected sites: Osborn
Finch Preserve, Bass Rock Preserve, the Damariscotta River, and Mill Pond between
June 13 and June 20. Each site had three cages. Cages were retrieved on August 14
and 15. Final shell lengths, aperture length, aperture width, and shell lip thickness were
measured with the same digital calipers. Change in aperture width and change in shell
lip thickness were used as indices of phenotypic response.
4.2.3	
  Statistical	
  analyses	
  
	
  

We analyzed the data using two general approaches. We first used ANOVAs to

test for significant effects of exposure and chromosome number.
We performed four separate ANOVAs. In all analyses, changes in aperture width
and shell lip thickness were used as the response variables, and final shell length was
used as a covariate to control for differences in body size. A number of snails were lost
during the experiment from death or loss of tags, and these snails were dropped from
the analyses. The analyses included 82 snails from the four different exposed sites and
71 snails from the three protected sites. All statistical analyses were performed with
JMP 11 for Macintosh using REML estimation of random effects.
For the first ANOVA exposure, chromosome number and transplant location
were included as main effects. We treated exposure and chromosome number as fixed
effects and transplant location as a random factor. Sites of origin were nested within
exposure and cages were nested within site of transplantation (Table 6).
Chromosome number and wave exposure were confounded so three additional
ANOVAs were done to disentangle these effects (Table 7). First we examined the three
sites with karyotypes of 2n = 27. Two of these sites were exposed: Hunter’s Beach and
57	
  
	
  

Head Beach and one was protected: Lophaus Point. We chose to look at individuals
with a shell length between 22 and 30 mm length because the Lophaus Point snails
were exceptionally large. In this analysis we again looked at both the responses in
aperture width and shell lip thickness. The effects were site of origin (a fixed effect), site
of transplantation and cages nested within site of transplantation. A post-hoc
comparison of the two exposed sites and one protected site was carried out.
The next analysis compared the three protected sites: Lophaus Point, Marshall
Point Lighthouse, and Damariscotta River with karyotypes of 2n = 27, 29 and 32
respectively. We treated site of origin, site of transplantation, and cage nested within
site of transplantation as random variables and final shell length as a covariate. Finally,
we performed the same analysis on the four exposed sites. Two of these sites: Bass
Harbor Head and Sand Beach are of the 2n = 26 karyotype and two of the sites: Head
Beach and Hunter’s Beach are of the 2n = 27 karyotype.

4.3	
  Results:	
  
The overall analysis for all sites showed that exposure and chromosome number
had significant effects on the change in shell lip thickness (p = 0.03 and 0.004
respectively; Table 6). We found no effect of site of collection nested within exposure on
the response in either trait though site of collection nested within exposure explained
21.6% of the variance in aperture width. A Tukey HSD showed that the 2n = 26 and 2n
= 27 karyotypes had a significantly larger response in shell lip thickness than the 2n = 29
and 2n = 32 karyotypes.
We found no significant effect of exposure or chromosome number on the
change in aperture width throughout the duration of the experiment. Interestingly, the
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terminal shell length, which we treated as a covariate did not affect the response in
aperture width. Site of origin explained approximately 32% of the variance for this trait.
For the analysis of the three sites with the 2n = 27 karyotype we found that the
site of collection significantly affected the response in aperture width with a p value of
0.01 (Table 7). Site of origin explained approximately 18.2 % of the variance in the
response in shell lip thickness. Though it was not significant, site of origin explained
approximately 20% of the variance in the response in aperture width. Individuals from
the protected shore Lophaus Point had an average increase in shell lip thickness that
was roughly twice that of the snails from the two exposed shores and showed the
greatest change in aperture width. This change was actually negative, but we believe
this is due to the dramatic thickening of the lip effectively closing off a portion of the
aperture.
For the analysis of changes in shell lip thickness of snails collected from
protected shores we found that site of origin had a significant effect (p = 0.018) and
accounted for 10% of the variance. We again observed that the 2n = 27 site (Lophaus
Point) showed the greatest average response. We did not observe any significant
effects in the analysis of the response in aperture width, and site of collection only
accounted for approximately 3.4% of the variance.
The analysis of the exposed sites showed a significant effect of the site of
transplantation on the change in aperture width (p = 0.04), which accounted for 4.6% of
the variance. We did not observe any significant effect of any of our experimental
variables on the response in shell lip thickness. A comparison of the least squared

59	
  
	
  

mean values, however, showed that the individuals of the same karyotype had nearly
identical responses in shell lip thickness.

4.4	
  Discussion:	
  
	
  
Our results suggest that the responses in aperture width and shell lip thickness
do not appear to be correlated (Table 6, Figs. 5 and 6). We found that exposure and
chromosome number had a significant effect on the response in shell lip thickness only.
We also found that the site of origin nested within exposure explained 21% of the
variance for the response in aperture width while it did not contribute at all to the
response in shell lip thickness. We believe this may partially explain the contradictory
results of previous experiments on phenotypic plasticity that looked at the response in
different traits. We observed that snails of the 2n = 26 karyotype showed the greatest
average change in shell lip thickness in relation to shell length, followed by the 2n = 27,
29 and 32 karyotypes, respectively. We also found that the 2n = 26 and 27 karyotypes
had a significantly greater increase in shell lip thickness than the 2n = 29 and 32
karyotypes. Given the correlation between chromosome number and wave exposure
this could account for the previously observed greater plasticity in exposed shore
morphs (Palmer 1990).
When we looked within the 2n = 27 karyotype that included two exposed sites
and one protected site, however, we found that the snails from the protected site showed
the greatest average response in shell lip thickness. This leads us to conclude that
there is asymmetric plasticity in dogwhelks, but the plastic response is a product of both
ecological and chromosomal factors. Because the karyotypes of the populations utilized
by Etter (1988b) and Palmer (1990) were unknown it is possible that their contradictory
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results were due to the influence of a chromosomal polymorphism on the plastic
responses of the different shell traits. In European populations snails with the same
number of chromosomes may be polymorphic for different paracentric inversions (Day et
al. 1993, Pascoe and Dixon 1994). It is currently not known whether inversions are
found in dogwhelk populations in Maine, but further cytogenetic analyses may explain
why individuals of the same karyotype had different phenotypic responses. Further
examination of the chromosomal differences between populations should shed more
light on how ecological and cytological factors interact to yield the drastic morphological
variation found in the dogwhelk.
Investigators have sought a relationship between the chromosomal
polymorphism, phenotypic variance, and ecological variation found in Nucella lapillus
since the discovery of the different chromosomal races. Exposed shore populations are
typically dominated by individuals of the 2n = 26 karyotype while the 2n = 36 karyotype
occurs nearly exclusively on protected shores (Bantock and Cockayne 1975, Kirby et al.
1994, Staiger 1957). Snails on exposed shores typically have relatively short shells with
larger apertural openings and a large pedal surface area (Moore 1936, Kitching 1977).
These animals are able to more tenaciously adhere to the substratum and are less likely
to be dislodged on wave swept shores (Kitching et al. 1966). These individuals grow to
greater maximum shell lengths and have more robust shells that are better able to
withstand predation (Currey and Hughes 1982, Hughes and Elner 1979). Past studies
have consistently found a correlation between chromosome number and wave exposure
and have also found individuals of intermediate karyotypes occurring sympatrically
alongside the extreme karyotypes on shores of intermediate exposure (Bantock and
Cockayne 1975, Day et al. 1993, Hoxmark 1970, Staiger 1957).
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Other investigators have focused on the connection between phenotypic
plasticity and the ecological factors that potentially drive ecotypic variation in shell
morphology and behavior (Etter 1988b, Freeman and Hamer 2009, Hughes and Taylor
1997, Palmer 1990, Large and Smee 2010, Trussell et al. 2003). Field and laboratory
experiments have yielded contradictory results. A reciprocal transplant experiment
showed greater phenotypic plasticity in the protected shore ecotype as snails reared on
a protected shore subsequently transplanted to an exposed shore showed the greatest
change in pedal surface area (Etter 1988b). A laboratory experiment that exposed one
protected and one exposed population to water-borne crab predator cues elicited the
greatest phenotypic response in snails from an exposed shore that had the greatest
change in body weight, shell weight, apertural tooth height, and shell lip thickness
(Palmer 1990). Thus we have data asserting there is asymmetric plasticity among
ecotypes with dissenting opinions as to which ecotype is more plastic. Both studies
utilized snails from a single exposed shore population and a single protected shore
population, which confounds differences due to exposure and those due to site-specific
factors. Furthermore, the laboratory experiment yielded the greatest response in the
control treatment for exposed shore snails where the crab predator cue was altogether
absent. This suggests the dogwhelks may instead be responding to the removal of
wave action instead of the desired response to the crab predator cue. Wave action on
exposed shores is thought to limit growth and maximum shell length and acts as a major
selective force in these environments (Etter 1989, Kitching et al. 1966). While it is
certainly possible that snails responded to the crab predator cue a possible response to
the calmer conditions cannot be excluded.
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Chromosomal studies have ignored phenotypic plasticity while phenotypic
plasticity studies have ignored the possible role of the chromosomal polymorphism on
phenotype and/or phenotypic plasticity in dogwhelks. In order to separate the affects of
exposure, chromosome number, plasticity and site specific factors we performed a
transplantation experiment involving snails from three protected and four exposed
shores with karyotypes of 2n = 32, 29, 27, and 26. We, too, have found a correlation
between chromosome number and wave exposure. Our results are consistent with past
studies that have found that individuals with lower chromosome numbers are more
common on wave exposed shores and that chromosome number increases with
decreasing wave exposure (Staiger 1957, Kirby et al. 1994).
Chromosomal rearrangements can drive intraspecific phenotypic variation
directly through the production of discrete phenotypes (Hatadani et al. 2004, Joron et al.
2011, Wilson et al. 2013) or indirectly by influencing the degree to which different
karyotypic races are phenotypically plastic (Ayala et al. 2014, Hatadani and Klaczko
2008, Macdonald et al. 1988). Chromosomal inversions and Robertsonian
translocations can act as pre-mating and post-mating isolating mechanisms.
Chromosomal races may be reproductively isolated if the resulting morphological
variation associated with karyotypic differences lead to physiological mating
incompatibilities or cause assortative mating where morphologically similar individuals
preferentially mate with each other (Ayala and Coluzzi 2005, Hatadani et al. 2004).
Even if members of different karyotypic races achieve copulation there are numerous
potential complicating factors that may arise leading to offspring inviability.
Chromosomal rearrangements can result in monobrachial homology where two different
chromosomes share a single homologous arm and can lead to complications during
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chromosomal segregation or lead to hybrid sterility or inviability (Baker and Beckham
1986, Britton-Davidian et al. 2000). These complexes can lead to errors in segregation
and result in aneuploidy. Thus, the occurrences of chromosomal inversions and
rearrangements have been speculated to be a driving force in intraspecific divergence
and ultimately speciation (Ayala and Coluzzi 2005, Baker and Beckham 1986, Faria and
Navarro 2010, Feder et al. 2005, King 1998, White 1978, Michel et al. 2010).
In the case of chromosomal inversions recombination is suppressed in inverted
regions and loci on these regions segregate as a single Mendelian allele or supergene
(Joron et al. 2011 Rieseberg 2001, Michel et al. 2010). Inversions are thought to explain
the morphological changes that accompany the range expansion across a variety of
habitats in the sub-Saharan malaria vector Anopheles sp. (Ayala et al. 2001, Ayala and
Coluzzi 2005, Rocca et al. 2009). Inversions on chromosome 2 in Drosophila
mediopunctata are responsible for the distinct abdominal markings that characterize the
species and possibly led to assortative mating among similarly marked individuals
(Hatadani et al. 2004). Chromosomal races may also differ in the degree and pattern of
phenotypic plasticity as ahs been shown in the perennial plant species Stellaria longipes
(Macdonald et al. 1988).
The dogwhelk is a model organism for ecotypic variation and has been the focal
species of classic ecological papers (Connell 1961, Menge 1976). Despite our extensive
understanding of its ecology and documentation of its morphological variation there has
been a tremendous lag-time in our efforts to integrate the chromosomal factors long
speculated to influence ecotypic variation. The majority of studies concerned with
chromosomal rearrangements and their roles in intraspecific divergence and in some
cases speciation focus mostly on either small vertebrate species like mice, shrews,
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gerbils, and lizards or insects. While we remain ignorant of the reproductive
consequences of the chromosomal polymorphism in Nucella lapillus and our therefore
unable to postulate about potentially speciating populations our data suggest that
chromosomal rearrangements have played a role in shaping ecotypic variation through
canalization of phenotypes and/or the magnitude of the plastic response(s) to
environmental variables. The karyotypes with reduced chromosome numbers have
been shown to be more phenotypically plastic in this instance.
There are two prominent haplotypes of mitochondrial malate dehydrogenase
(mMDH) whose frequencies vary clinally along a 6 km region of the southwestern
peninsula of England (Kirby 2000 and 2004). These populations also show clinal
variation for the polymorphism with individuals at the more exposed site having 26
chromosomes and those at the more protected site 32 chromosomes. mMDH-1 is very
near to fixation in the population on the exposed shore while its frequency on the
protected site is only 0.3. Kirby (2004) estimated the time of divergence between the
two haplotypes to be between 100 and 144 million years ago, predating both the genus
Nucella and the family Muricidae and further speculated that the two haplotypes are
potentially reflective of a coadapted gene complex. Our data are consistent with this
suggestion. Elucidation of the role of the chromosomal polymorphism on phenotypic
plasticity and evolution in the dogwhelk can be achieved through further karyotyping in
conjunction with genetic analyses and field manipulations across different environmental
settings. It is perhaps not surprising but nevertheless suggestive that the documentation
of these phenomena in an increasing number of species suggests they are pervasive
across taxa and act to produce an array of phenotypes adapted to a breadth of
environments. Integrative studies that incorporate ecological and genetic factors can
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only continue to expand our understanding of intraspecific phenotypic variation in model
organisms and extend it to new taxa and systems.
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Table	
  6:	
  	
  REML whole model effects on aperture width and shell lip thickness. Asterisks
indicate statistical significance.
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Table	
  7:	
  ANOVA results for sites where 2n = 27 only, protected sites only, and exposed
sites only with significance values and percent of variance due to each effect. Asterisks
indicate statistical significance.
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Figure	
  5:	
  Response in shell lip thickness for exposed (black diamonds) and protected
(grey squares) sites by chromosome number.
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Figure	
  6:	
  Response	
  in	
  aperture	
  width	
  in	
  exposed	
  (black	
  diamonds)	
  and	
  protected	
  (grey	
  squares)	
  
sites	
  by	
  chromosome	
  number.
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